The thermal decomposition and heat transfer characteristics of gaseous, high-purity methane, several methane-hydrocarbon mixtures and a typical natural gas fuel were evaluated using an electrically heated, stainlesssteel tube test apparatus. Of several candidate heat transfer correlations, the Dittus-Boelter heat transfer correlation provided the best fit of the methane heat transfer data over the range of Reynolds numbers 10,000
INTRODUCTION
Advanced engine programs which seek to increase engine thrust-to-weight ratios by burning fuel at conditions near stoichiometric will require corresponding increases in the ability to cool engine components. In current engines, compressor bleed or inlet ram air is the primary medium for cooling the vehicle and its propulsion systems. A large amount of ram air may be required for these cooling applications, significantly impacting the engine inlet cross section and associated inlet ram drag. Moreover, the ram air undergoes a very rapid rise in temperature with increasing flight Mach number. For example, at Mach 4, the inlet air reaches stagnation temperatures of about 910 K; at Mach 6, approximately 1670 K (Mechanical Engineering Staff, 1986) . Consequently, air can not be used for cooling because the air stagnation temperatures exceed material limits. At these high Mach numbers, the fuel is the only coolant available.
Liquid methane is an attractive candidate fuel for supersonic and hypersonic aircraft because of its high heat of combustion, high density, and high heat sink capacity. Studies have shown that methane used as a fuel for advanced turboramjet-powered aircraft can provide substantial increases in range, payload, power-to-weight ratio, and speed, while reducing gross weight and fuel costs (Joslin, 1968) . Regenerative cooling with hydrocarbon fuels is feasible up to a point where the coolant temperature reaches a limit defined by a thermal decomposition or 'coking' temperature. Above this temperature, carbon deposit formation on the inside surfaces of cooling passages can lead to clogging. In addition, the increased thermal resistance due to the deposit can lead to a progressively increasing surface temperature, and, possibly, structural failure. Compared to kerosene fuels which break down at elevated temperatures to form gum and coke, thermal decomposition of pure methane is expected to be much less severe. The greater stability of methane compared with larger hydrocarbon molecules stems from the fact that methane contains only primary carbon-hydrogen bonds which have greater bond dissociation energies than secondary and tertiarycarbon-hydrogen and carbon-carbon bonds. Although pure methane may be the fuel of choice, natural gas may be a more practical alternative from economic considerations. Since natural gas is a mixture of methane with other hydrocarbon species in varying amounts (depending on the source), the small concentrations of hydrocarbon impurities normally present can greatly affect the thermal stability and promote deposit formation.
Only a limited amount of heat transfer and thermal stability information has been published on methane and natural gas. Some studies (Back and Back, 1983; Nishiyama and Tamai, 1980) have focussed on static methane cells at low pressure. Additional data are required to extend available correlations over a range of anticipated turboramjet operating conditions. The objective of this research was to develop a heat transfer and thermal stability database to guide the specification of a methane fuel for turboramjets.
EXPERIMENTAL APPROACH
Fuel thermal stability and heat transfer data were collected by exposing methane fuel to a thermal environment which simulated anticipated engine operating conditions. Of the various possible experimental arrangements for conducting simulation tests, an electrically heated tube, which provides a simple and direct approach, was adopted for this study. In this method fuel flows through a length of thin-walled metal tubing that is heated by the energy generated by an electric current passing through the tube. Insulating the outside of the tube virtually eliminates external heat loss, resulting in essentially all of the generated heat being transferred to the fuel.
Since the electrical resistance of the tube material does not vary significantly with temperature, the local heat flux remains essentially constant along the tube, and the fuel and wall temperatures increase from inlet to outlet. Thus, experiments may be run to simulate a constant heat load applied to the tube, and in a single test, yield quantitative data over a range of flow and temperature conditions. This is in contrast to an isothermal tube test configuration, wherein the wall temperature is held constant and all data are acquired at a single condition. In this configuration, the heat flux may change to maintain isothermal conditions. Measurement of the thermal parameters (e.g., power input, wall temperature, and fuel temperature) during the test, and subsequent determination of the resulting deposit mass, allowed determination of the heat transfer and rate of deposition. Direct measurements of the temperature at the external tube surface were provided by thermocouples welded to the tube. From measurements of the inlet and outlet fuel temperatures, the electrical power dissipated in the tube (the heat generation), and the fuel flow rate and pressure, it is possible to calculate the heat transfer characteristics at any environmental condition being simulated. The thermal stability of a fuel was evaluated by measuring the mass of the accumulated deposit.
Test Apparatus
The heat transfer and deposit formation experiments were conducted in a heated tube apparatus capable of continuous operation. The apparatus, shown schematically in Fig. 1 , consisted of the following major components: (1) a resistance-heated tube that was insulated from the surroundings, (2) a proportional temperature controller used to maintain a constant fuel exit temperature by regulating the input electrical power, (3) a metering orifice to determine and regulate the flow rate, (4) a back-pressure regulator to maintain a selected fuel pressure, (5) a nitrogen purge system, (6) a stressedfuel storage accumulator and exit gas pumping system, and 17) a gas-fired furnace for disposal of the methane fuel downstream of the heated test tube.
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Figure 1. Test Apparatus
The test tubes were fabricated from 347 stainless steel with a standard test section length of 1.8 meters. Tests were conducted with tubes 3.2 mm in outer diameter with a nominal wall thickness of 0.51 mm. Prior to installation, the tubing was soaked in acetone rinsed and blown dry with clean, filtered nitrogen. Each 1.8-m test tube was instrumented with sixteen Chromel-Alumel thermocouples welded to the outer surface of the test tube with a nominal spacing of 11.5 cm. Isolation amplifiers were connected to each thermocouple to protect the data analysis equipment from voltage spikes and to eliminate the background voltage applied across the tube by the dc power Supply. The inner wall temperatures were determined from the outer wall temperature data and the thermal conductivity of the tube material. The calculated difference between the inner and outer well temperatures was small and generally amounted to less than 6 K. In addition, fuel temperatures were measured at the tube inlet and the tube outlet; the fuel pressure was measured at the tube inlet.
Quantitative measurements of the amount of deposit formed on the inner surface of each test tube were performed using a LECO Model RC-412 carbon determinator. Prior to analysis, each test tube was sectioned into 24 segments of approximately equal length. Each segment was then vacuum dried for several hours at a temperature of 373 K to remove any remaining fuel. The carbon determinator removed the carbonaceous deposit by heating the sample in an oven to a temperature of 873 K in a pure oxygen atmosphere. Measurement of the concentrations of carbon dioxide and carbon monoxide using infrared spectroscopy, coupled with knowledge of the gas sample pressure and volume, allowed determination of the mass of carbon burned off from each tube segment with an accuracy of t 3%.
All test data were recorded using a microprocessorcontrolled data logger. The data system was capable of scanning up to 70 input channels at a scan rate of 35 channels per second.
Test Conditions
Heat transfer tests were conducted with ultra-high purity (99.97%) methane. Thermal stability tests were conducted with ultra-high-purity methane, mixtures of methane with various hydrocarbon contaminants, and a typical commercial-grade methane (natural gas). The mixtures consisted of methane in combination with 7% ethane, or 3.5% ethane and 3.5% ethylene. The nominal compositions of the test gases and the flow conditions for each test are given in Table 1 . The commercial-grade methane employed in these tests had a typical composition as listed in Table 2 . The test mixtures were supplied to each test tube at a nominal flow rate of 0.002 kg/s at a pressure of 10.4 atm. The corresponding Reynolds numbers, based on tube inside diameter, typically ranged from 50,000 at the entrance to the heated tube to 100,000 at the tube exit. The test tube outer surface temperatures ranged from as low as 410 K at the entrance to as high as 930 K at the end of the tube. The bulk temperature of the gas mixtures at the entrance of the heated tube was nominally 300 K.
RESULTS AND DISCUSSION
Heat Transfer
Turbulent heat transfer coefficients were determined for methane gas in a heated tube over a range of to temperatures and velocities. The convective heat transfer Num = 0.023 Re " Pr 04 (4) coefficient, h, is defined by the relation:
where q is the heat input (determined from the electrical power dissipation), A is the wetted surface area, T is the inner wall temperature, and Tb is the bulk fuel temperature at the point of interest.
Determination of the inner wall temperature distribution is readily made by calculating the thermal conduction through the wall, considering the effects of internal heat generation due to electrical power dissipation. The relation between inner and outer wall temperatures is:
where and Two are the inner and outer temperatures, d and clb are the inner and outer diameters, q' is the heat generation per unit volume, and is the thermal conductivity of the tube material.
Fuel temperatures were measured with thermocouples positioned at the inlet and outlet of the test tube. However, the distribution of temperature over the length of the heated tube was not necessarily linear, depending on the variation of fuel specific heat. The fuel bulk temperature profile was determined by integration of the energy equation:
where d is the inner diameter of the heated tube section, it is the mass flow rate of the fuel, and ; is the local heat capacity of the fuel.
This equation was numerically integrated, starting with the measured inlet fuel temperature, to provide the entire fuel temperature profile. The exit temperature calculated from this equation was compared with the measured exit temperature. This procedure yielded a fuel temperature profile of high accuracy near the tube ends, with a profile accuracy as good as the knowledge of the fuel specific heat. Specific heats and other thermodynamic properties of the fuel mixtures were calculated using the NIST Thermophysical Properties of Hydrocarbon Mixtures Database (SUPERTRAPP) (Ely and Huber, 1990).
Heat transfer tests were conducted over a broad range of Reynolds numbers (10,000 to 215,000) to facilitate comparison of the experimental heat transfer coefficients with the standard Dittus-Boelter, Sieder-Tate, and Petukhov correlating equations (Holman, 1981) . In all cases, the experimental Nusselt numbers obtained agreed closely with these correlations. Of the three correlations, the Dittus-Boelter correlation is the simplest to use and appeared to provide a very close fit to the data obtained. (See Fig. 2.) -10 102
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Figure 2. Nusselt Numbers -Experimental Heat Transfer Data and Dittus-Boelter Correlation
Calculated inner wall temperatures and calculated fuel temperatures for a representative case (methane/7% ethane) are plotted versus the length from the test tube inlet in Fig. 3 . The inner wall temperatures at a given downstream location are essentially those of the measured temperature of the outer wall, differing by typically less than 6 K. The data points shown correspond to different times, ranging from 2 to 40 hours after the start of the test. The curves shown are least-squares quadratic polynomial fits to the wall and fuel temperature data shown in the figure. For the test conditions and gas mixtures employed in these tests, none of the wall temperatures were observed to exhibit a significant or systematic increase with time, as might be expected for constant input power if there was a significant change in thermal resistance due to buildup of deposit on the inner wall. Both the wall and fuel temperatures in the stainless tubes increased monotonically from the tube entrance to the tube exit with the difference between wall and bulk fuel temperature remaining fairly constant at about 65 K.
Deposit formation
The measured carbon deposition rates for various methane-hydrocarbon mixtures are shown in Figs. 4 to 6. In each figure, the deposition rates, normalized by the internal surface area of the samples and the test durations, are shown plotted against the wall temperatures. Unused stainless-steel tube sections of identical cross section were analyzed for carbon deposit to furnish tare values which were subtracted from the carbon burn-off results. The average value of these tares amounted to a deposition rate of roughly 0.2 pg/cm 2hr based on a 40-hr test. Representative deposition rate data for tests with commercial methane are shown in Fig. 4 . The symbols correspond to two different tests, with the time indicated corresponding to the total time of each test. In both cases, there was essentially no deposit buildup for wall temperatures below approximately 650K. Between roughly 650 K and 775 K, there was a rapid increase in deposition rate, leading to deposition rates of as much as 9 pg/cm 2-hr at the maximum wall temperature of approximately 900 K. At intermediate temperatures (650 K to 800 K), a somewhat higher rate of deposit formation was measured for the test of shorter duration. This may reflect an influence of the wall material or surface condition during the early stages of the test. In any case, the difference is small and the two data sets appear to converge for wall temperatures greater than 850 K. The deposition data for commercial grade methane are compared with the corresponding data for mixtures of methane with 7% ethane and methane with 3.5% ethane/3.5% ethylene in Fig. 5 . The total test times in all cases shown were at least 40 hrs. While there is some scatter in the data, the deposition characteristics of the methane-hydrocarbon mixtures shown are consistent with the trends exhibited for the commercial methane. The scatter in the data reflects measurement uncertainties that preclude accurate determination of deposition rates below the threshold temperature of approximately 650 K. The deviation apparent in the methane/3.5% ethane/3.5% ethylene case at high temperature (greater than 850 K) is likely due to a change in flow characteristics at the end of the tube rather than inhibition caused by ethylene chemistry. (The lower bond dissociation energy of ethylene compared to methane or ethane would be expected to reduce the thermal stability of the mixture.)
Figure 5. Deposition Rates for Methane-Hydrocarbon Mixtures
Deposition rate data for ultra-high-purity methane are shown in Fig. 6 . As in the previous cases, there was very little deposition below a threshold temperature of approximately 650 K. Although there is again scatter in the data, the results for temperatures above 650 K are consistent with an increase in deposition rate with temperature that is somewhat less (roughly a factor of two • or three) than for commercial methane or the methanehydrocarbon mixtures (cf., Figs. 5 and 6 ). This observation is consistent with the expectation that the presence of hydrocarbon impurities should result in an increase in carbon deposition rate relative to that of pure methane. The results of these tests suggest that hydrocarbon contaminant species typically found in natural gas can lower the maximum allowable operating temperature by approximately 100 K, relative to pure methane. 
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The maximum measured deposition rate for the mixtures, approximately 9 pg/cm 2hr at a wall temperature of 900 K, corresponds to a deposit thickness of approximately 4 pm for a test duration of 40 hours. This estimate assumes an average density of the deposit of 1 gm/cm 3 . Estimates for other times (10, 100, 1000 and 10000 hrs) are presented in Fig. 7 . The curves representing natural gas are based on all of the methane-gas mixture data given in Fig. 5 ; the curves for ultra-high-purity methane, on the data shown in Fig. 6 . Implicit in this analysis are the assumptions that the deposition rate and deposit density are constant, and that the deposition rate can be defined by the local wall temperature. The curves shown in Fig. 7 provide an estimate of the thickness of deposits that might be formed on fuel system component surfaces over reasonable engine operating times. For example, after 1000 hours of service at a wall temperature of 900 K, use of methanehydrocarbon mixtures similar to those considered in this study would lead to a potential deposit thickness of 0.09 mm. This deposit thickness would amount to a blockage of roughly 0.2% for a tube of similar inside diameter to those in these tests (2.2 mm). The use of high-purity methane could limit the deposit buildup under similar operating conditions to approximately one-third that of natural gas, leading to roughly an order of magnitude decrease in blockage due to deposition. For both highpurity methane and methane-hydrocarbon mixtures, the deposit thickness decreased rapidly with decreasing temperature and was essentially negligible at temperatures below 700 K.
-Figure 6. Deposition Rate for Ultra High-Purity Methane
• . In.all the cases considered, significantly less deposit was formed than would be the case for liquid fuels under similar conditions. This is illustrated in Fig. 8 , where the deposition data for the gaseous methane-hydrocarbon mixtures are compared with that of a liquid-phase jet fuel, JP-5 (Marteney and Spadaccini, 1986) , over a similar range of temperature. The maximum deposition rate of the JP-5 at a temperature of 645 K is nearly two orders of magnitude higher than the maximum rate observed for the gaseous methane fuels of this study. Thermal decomposition of liquid hydrocarbon fuels is governed by three distinct reaction mechanisms depending upon fuel temperature. Below fuel temperatures of 570 K, liquid-phase autoxidation reactions produce deposit formation at a rate increasing with increasing temperature. Between 570 K and 770K, there is a competition between autoxidative and pyrolytic reactions in the deposit formation process (Edwards, 1992) . The dominant mechanism for deposit formation shifts from the autoxidation to the pyrolysis in this region (Taylor, 1974) . Deposit rates peak around 640 K to 700 K and then decrease with increase in temperature due to depletion of oxygen dissolved in the fuel 0-leneghan et al., 19931. Above about 770 K, direct pyrolysis of the fuel gives rise to the deposits. At these temperatures, deposition rate again increases with increasing temperature.
These mechanisms are reflected in the JP-5 thermal stability deposition rates shown in Fig. 8 . They are not all evident, however, for the gaseous methane deposition rates, primarily owing to the absence of oxygen. In addition, the methane gas mixtures were not characterized by the presence of sulfur, aromatics, or other minor species known to promote deposit formation in liquid fuels. Above 900 K, though, an increase in deposition rate occurs for both the JP-5 and the methane as pyrolysis is the dominant deposit formation mechanism.
